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Introduction {#sec001}
============

Neurons have an intrinsic molecular mechanism to self-destruct their axons and dendrites in response to injury or stress. This self-destruction serves as a defensive mechanism to remove injured or unhealthy neurites preventing further damage to the nervous system. However an aberrant or over-activation of this mechanism could result in the dysfunction of the nervous system and has been implicated in many neurodegenerative diseases \[[@ppat.1008343.ref001], [@ppat.1008343.ref002]\]. Primarily, axonal self-destruction is linked with the levels of an essential energy molecule, nicotinamide adenine dinucleotide (NAD), in the axons \[[@ppat.1008343.ref002]\]. NAD loss corresponds with axonal degeneration and the overexpression of NMANT2, a NAD biosynthetic enzyme that has been shown to significantly delay axonal degeneration \[[@ppat.1008343.ref003]\]. More importantly, Sterile Alpha and TIR Motif-containing 1 (SARM1) was recently found to be a key facilitator of axonal degeneration because of its direct ability to digest NAD \[[@ppat.1008343.ref004], [@ppat.1008343.ref005]\]. Current models suggest that when NAD levels in the axon fall below a critical threshold, a suicide signaling cascade is triggered by the accelerated digestion and loss of residual NAD by SARM1. Depletion of NAD triggers an influx of calcium ions into the axons, which then activates several calcium dependent calpains. These calpains in turn regulate the proteolytic digestion of dendritic and axonal cytoskeletal proteins such as microtubule associated protein 2 (MAP2) and neurofilament \[[@ppat.1008343.ref006]--[@ppat.1008343.ref010]\], resulting in the degeneration of both dendrites and axons. Morphologically this calpain-mediated axonal degeneration is characterized by the appearance of focal axonal swellings, followed by granular disintegration of axons \[[@ppat.1008343.ref011]\]. While terms such as axonal degeneration or axonal self-destruction are broadly used to refer to this SARM1-mediated pathway, this mechanism could result in the degeneration of dendrites in addition to axons, causing an extensive pathology of neurites.

Axonal self-destruction mechanism has been associated with neuronal trauma or stress, but its role in neurotropic viral infections remains unknown. It is particularly intriguing to examine the possible activation and consequence of axonal self-destruction during infection with viruses such as rabies, West Nile virus, Herpes simplex virus (HSV) and polio virus \[[@ppat.1008343.ref012], [@ppat.1008343.ref013]\], where axonal transmission of virus is involved.

Rabies virus (Family Rhabdoviridae, genus Lyssavirus) is the most lethal among viruses which invade and infect the nervous system. Lyssaviruses infect the peripheral nerve endings and travel exclusively within the axons of the peripheral and central nervous system causing fatal encephalitis \[[@ppat.1008343.ref014]\]. In humans, the majority of rabies infections (about 80%) are classified as the furious form, characterized by agitation, aggression, hallucination, hydrophobia and confusion. In animals, symptoms include aggression, disorientation, loss of fear and the urge to bite. Following the acute excitatory phase, the host lapses into coma and eventually death occurs due to cardio-respiratory arrest. In some cases (about 20%), rabies infection causes muscle weakness and ascending paralysis without the excitatory phase, resulting in the paralytic form of rabies, which is also almost invariably fatal \[[@ppat.1008343.ref015]--[@ppat.1008343.ref017]\]. In spite of the severe neurological signs, pathological lesions typical of other viral encephalitis such as gliosis, perivascular lymphocytic infiltration, phagocytosis of neurons or neuronal apoptosis are rarely observed in rabies patients during the acute disease \[[@ppat.1008343.ref018]--[@ppat.1008343.ref020]\]. However structural damage to neurites such as focal axonal swelling, segmental demyelination and impairment of synaptic transmission are observed in natural \[[@ppat.1008343.ref021]--[@ppat.1008343.ref025]\] and experimental rabies infections \[[@ppat.1008343.ref026]--[@ppat.1008343.ref031]\]. This evidence suggests that rabies infection could induce pathological damage to the axons and dendrites of neurons without affecting the neuronal cell body. Such a compartmentalized degeneration of neurites could underlie neurological dysfunction in rabies infection. However, the basic molecular mechanism of how the rabies infection causes selective neurite damage remains unknown.

Results {#sec002}
=======

Rabies infection induces selective degeneration of dendrites and axons in mouse neurons derived from the central and peripheral nervous system {#sec003}
----------------------------------------------------------------------------------------------------------------------------------------------

This study examines the neuronal pathogenesis of different field strain lyssaviruses originating from infected bats or dogs, which are subjected to minimal laboratory-adaptation. Unlike tissue culture adapted or attenuated rabies strains, these field isolates are expected to retain original pathogenicity \[[@ppat.1008343.ref032]--[@ppat.1008343.ref034]\]. Dog strain rabies virus isolated from domestic dogs from Zimbabwe (Z.Dog) and Thailand (T.Dog), and two bat lyssaviruses from a silver-haired bat (*Lasionycteris noctivagans*) from Canada (SHBRV) and an Australian bat Lyssavirus isolated from an infected horse (H.ABLV) are compared with mock infection (treatment with tissue culture supernatant from uninfected Neuro-2a cells used for viral stock amplification) or an uninfected control group. Infection of primary cortical neurons with all the strains at MOI of 1, induced focal swellings in the neurites of cortical neurons at 16 hours post infection ([Fig 1A](#ppat.1008343.g001){ref-type="fig"}, [S1A Fig](#ppat.1008343.s001){ref-type="supplementary-material"}). At 24 hours of infection, we observed complete loss of dendritic MAP2 staining ([Fig 1B and 1C](#ppat.1008343.g001){ref-type="fig"}, [S1B Fig](#ppat.1008343.s001){ref-type="supplementary-material"}). Specific degradation of key axon and dendritic structural protein was further observed by western blotting of neuronal lysates infected with lyssavirus strains. Western blotting showed that infection with lyssavirus resulted in significant degradation of MAP2 and neurofilament proteins ([Fig 1D and 1E](#ppat.1008343.g001){ref-type="fig"}). To further confirm the loss of axons and dendrites in field strain rabies infection, we infected cortical neurons with parental viral stocks directly isolated from infected dog (T.Dog strain, P0) or after first passaging in sucking mouse brain (Z.Dog strain, P1). This infection resulted in distinct loss of both MAP2-positive dendrites and neurofilament-positive axons at 24 hours post infection ([S2A Fig](#ppat.1008343.s002){ref-type="supplementary-material"}). While the structural proteins in the neurites were specifically degraded, the cell bodies, including the nucleus, were observed to be unaffected ([Fig 1B](#ppat.1008343.g001){ref-type="fig"}, [S1B Fig](#ppat.1008343.s001){ref-type="supplementary-material"}). This specific damage to neurites was also observed by live cell imaging of cortical neurons, which displayed swelling and granular disintegration of neurites within a timeframe of 20 hours post-infection with SHBRV lyssavirus ([S1 Video](#ppat.1008343.s006){ref-type="supplementary-material"}). To examine whether the loss of neurites in rabies infection is due to the induction of apoptosis, TUNEL (Terminal deoxynucleotidyl transferase dUTP nick end labelling) staining was performed ([S2B Fig](#ppat.1008343.s002){ref-type="supplementary-material"}, [S2C Fig](#ppat.1008343.s002){ref-type="supplementary-material"}). This analysis showed no significant difference in the induction of apoptosis in neurons infected with all the lyssavirus strains compared to mock infection, despite the dramatic loss of neurites at 24 hours post-infection ([S2C Fig](#ppat.1008343.s002){ref-type="supplementary-material"}).

![Rabies infection induces selective degeneration of axons and dendrites in primary cortical and DRG neurons.\
**(A)** Rabies induced blebbing of MAP2-positive neurites (white arrows) in cortical neurons at 16 hours post infection (high magnification). Neurons are stained with anti-MAP2 antibody (green) and anti-rabies nucleoprotein antibody (red). Scale bar 10 μM. Images from other rabies strain infections are shown in [S1A Fig](#ppat.1008343.s001){ref-type="supplementary-material"}. **(B)** Rabies induced loss of MAP2-positive neurites in cortical neurons at 24 hours post infection (low magnification). Fig 1B shows representative stitched tile images of mouse cortical neurons infected with Thai dog rabies. Scale bar 100 μM (images are maximum intensity projection of Z-stacks). Neurons are stained with anti-MAP2 antibody (green), anti-rabies nucleoprotein antibody (red) and DAPI (blue). Images from other rabies strain infections are shown in [S1B Fig](#ppat.1008343.s001){ref-type="supplementary-material"}. **(C)** Quantification of the loss of MAP2-positive neurites relative to cell nuclei in rabies infection. At least 500 neurons were quantified per sample. \*\*\*\*p \< 0.0001 versus mock infection, n = 4. **(D)** Loss of axonal (neurofilament) and dendritic (MAP2) proteins in cortical neurons infected with rabies for 24 hours. Representative western blot images of cortical neuron lysates probed with anti-MAP2 antibody and pan-axonal neurofilament antibody. β-actin is shown as the loading control. **(E)** Quantification of MAP2 and neurofilament (heavy and medium chain) intensity in western blots relative to β-actin (loading control). \*\*\*\*p \< 0.0001 versus controls, n = 3. **(F)** Mouse DRG neurons cultured in microfluidic devices were infected with different street strain rabies virus in the axon panel for 24 hours. Fig 1F shows axonal degeneration in DRG neurons infected with Thai dog rabies, compared with mock infection. The neurons were stained with pan axonal neurofilament antibody (NF, green), anti-rabies nucleoprotein antibody (magenta) and anti α-tubulin (red). Scale bar 100 μM (maximum intensity projection of Z-stacks). **(G)** Quantification of axonal degeneration as a ratio of disintegrated axons versus healthy (filamentous) (Axon degeneration index). \*\*\*\*p \< 0.0001 versus mock infection, n = 4 (5 representative images quantified from each repeat). **(H)** Quantification of neurofilament immunostaining intensity in the axon panel images shown in Fig 1F & [S4A Fig](#ppat.1008343.s004){ref-type="supplementary-material"}. \*\*\*\*p \< 0.0001 versus mock infection, n = 4.](ppat.1008343.g001){#ppat.1008343.g001}

Axonal degeneration in primary cortical neurons was then examined in microfluidic chambers, which allows the cell body and axons of neurons to be cultured in physically separate compartments \[[@ppat.1008343.ref028]\] ([S3A Fig](#ppat.1008343.s003){ref-type="supplementary-material"}, [S3B Fig](#ppat.1008343.s003){ref-type="supplementary-material"}). This system enables the localized infection of axons with rabies virus and investigation of pathological events following axonal uptake and retrograde transport of rabies virus, as seen in physiological infection. Axonal infection of cortical neurons with rabies virus (Z.Dog strain) at MOI of 1 for 24 hours resulted in granular disintegration of neuronal axons as observed by tubulin staining ([S3C Fig](#ppat.1008343.s003){ref-type="supplementary-material"}, [S3D Fig](#ppat.1008343.s003){ref-type="supplementary-material"}). Furthermore, specific loss of neurofilament staining in the distal axons was observed at 24 hours post-infection, while the neurofilament staining could still be observed in the neuronal cell bodies and proximal axons ([S3C Fig](#ppat.1008343.s003){ref-type="supplementary-material"}). This reaffirms that axonal loss in rabies infection is a locally executed mechanism independent of the neuronal cell body.

Next, embryonic mouse dorsal root ganglion (DRG) neurons cultured in microfluidic chambers were used to examine whether rabies infection could induce axonal degeneration in neurons derived from the peripheral nervous system. Like the cortical neurons, the DRG neurons infected at the axons with all the strains of lyssavirus displayed granular disintegration of axons with tubulin staining and significant loss of neurofilament staining at 24 hours post-infection ([Fig 1F, 1G and 1H](#ppat.1008343.g001){ref-type="fig"} and [S4A Fig](#ppat.1008343.s004){ref-type="supplementary-material"}). In addition, live DIC imaging showed selective degeneration of neurites in DRG neurons infected with SHBRV ([S2 Video](#ppat.1008343.s007){ref-type="supplementary-material"}). These data show that infection with rabies virus induces selective degeneration and loss of axons and dendrites in neurons derived from the central and peripheral nervous systems.

Rabies-induced neurite degeneration is partially inhibited by the addition of NAD and inhibition of calpain activation {#sec004}
----------------------------------------------------------------------------------------------------------------------

The morphological features of axonal and dendritic degeneration induced by rabies infection closely resembled calpain-mediated axonal degeneration ([Fig 1](#ppat.1008343.g001){ref-type="fig"}, [S1 Fig](#ppat.1008343.s001){ref-type="supplementary-material"}, [S2 Fig](#ppat.1008343.s002){ref-type="supplementary-material"}, [S3 Fig](#ppat.1008343.s003){ref-type="supplementary-material"}). Hence, it was next examined whether rabies induced degeneration involves NAD loss and calpain activation. A panel of cortical neuron cultures were generated, where infected neurons were treated with increasing concentrations of NAD to replace its loss during degeneration. Infected neurons were also treated with EGTA to block calcium influx \[[@ppat.1008343.ref035]\] and calpain inhibitor-III, preventing calpain activation \[[@ppat.1008343.ref008]\]. These studies showed that addition of NAD partially prevented the loss of MAP2-positive dendrites in rabies infection in a dose dependent manner ([Fig 2A and 2C](#ppat.1008343.g002){ref-type="fig"}, [S4B Fig](#ppat.1008343.s004){ref-type="supplementary-material"}, 24 hours post-infection). In addition, treatment with EGTA or calpain inhibitor-III resulted in significantly higher MAP2 staining compared to untreated controls ([Fig 2A and 2C](#ppat.1008343.g002){ref-type="fig"}, [S4B Fig](#ppat.1008343.s004){ref-type="supplementary-material"}). However, these infected neurites still displayed significant fragmentation and focal swellings ([Fig 2B](#ppat.1008343.g002){ref-type="fig"}), suggesting that EGTA and caplain inhibitor-III were only effective in blocking the downstream calpain-mediated proteolytic digestion during axonal degeneration.

![Pharmacological inhibition of neurite degeneration in rabies infection.\
**(A)** Effect of extracellular NAD addition and calpain inhibition on rabies induced loss of MAP2-positive neurites. Stitched tile images of mouse cortical neurons infected with Thai dog rabies for 24 hours and treated with NAD, EGTA or Calpain inhibitor III. Scale bar 100 μM (maximum intensity projection of Z-stacks). Neurons are stained with anti-MAP2 antibody (green), DAPI (blue) and anti-Rabies nucleoprotein antibody (red). **(B)** Higher magnification images of MAP2-positive neurites infected with rabies and treated with drugs. Images show significant blebbing in the neurites treated with calpain inhibitor III and EGTA. Scale bar 20 μM. **(C)** Quantification of MAP2-positive neurites relative to cell nuclei. At least 500 neurons were quantified per sample. \*\*\*\*p \< 0.0001 versus mock infection, n = 4.](ppat.1008343.g002){#ppat.1008343.g002}

SARM1 is required for the rapid execution of rabies induced axonal degeneration {#sec005}
-------------------------------------------------------------------------------

As SARM1 is a chief facilitator of axonal degeneration by the accelerated digestion of NAD, it was then tested whether SARM1 is required for rabies induced axonal degeneration. Primary cortical neurons from SARM1 knockout mice \[[@ppat.1008343.ref036]\] and wildtype mice were infected with lyssavirus strains. At 24 hours of infection, the wildtype neurons displayed complete loss of MAP2-positive neurites. The SARM1 knockout neurons, however, displayed only minimal loss of MAP2 staining, with intact neurites in a majority of the neurons ([Fig 3A](#ppat.1008343.g003){ref-type="fig"}). But when the rabies infected SARM1 knockout neurons were cultured over several days, a gradual loss of MAP2 staining was observed ([Fig 3A and 3B](#ppat.1008343.g003){ref-type="fig"}, [S5A Fig](#ppat.1008343.s005){ref-type="supplementary-material"}). These data suggest that the deletion of SARM1 gene was able to significantly delay loss of neurites induced by rabies infection from 24 hours to beyond 7 days ([Fig 3B](#ppat.1008343.g003){ref-type="fig"}). Western blotting was then performed on the lysates of wildtype and SARM1 knockout cortical neurons infected with rabies strains for 48 hours. These blots showed significantly higher levels of dendritic MAP2 and axonal neurofilament proteins in rabies infected SARM1 knockout neurons in comparison to wildtype neurons ([Fig 3C and 3D](#ppat.1008343.g003){ref-type="fig"}). To specifically analyse the degeneration of axons, SARM1 knockout cortical neurons were then cultured in microfluidic chambers and infected with rabies virus (Z.Dog strain) in the axon panel. These neurons had intact axons without any granular disintegration at 24 hours post-infection ([S5B Fig](#ppat.1008343.s005){ref-type="supplementary-material"}). This was in stark contrast to the infected wildtype cortical neurons ([S3C Fig](#ppat.1008343.s003){ref-type="supplementary-material"}). Next primary DRG neurons from the SARM1 knockout mice were cultured in microfluidic chambers and infected with multiple rabies strains in the axon panel. In this study, significantly higher neurofilament staining and reduced axonal degeneration index were observed in the SARM1 knockout DRG neurons as compared to wildtype DRG neurons infected with all the strains of rabies virus used in this study ([Fig 3E, 3F and 3G](#ppat.1008343.g003){ref-type="fig"}, [S5C Fig](#ppat.1008343.s005){ref-type="supplementary-material"}). Hence, these results show that SARM1 is required for the rapid facilitation of axonal degeneration in response to rabies infection, both in cortical and DRG neurons.

![Deletion of SARM1 gene significantly delays axonal degeneration in primary cortical and DRG neurons infected with rabies.\
**(A)** Time course analysis of neurite degeneration in SARM1 knockout neurons infected with rabies. Representative stitched tile images of mouse cortical neurons from wildtype (WT) and SARM1 knockout (SARM1^-/-^) mice infected with Thai dog rabies for 24 hours to 7 days. Images show intact MAP2-positive neurites in rabies infected SARM1^-/-^ neurons at 24 hours, but a gradual loss of MAP2-positive neurites extending up to 7 days. Neurons are stained with anti-MAP2 antibody (green), anti-rabies nucleoprotein antibody (red) and DAPI (blue). Scale bar 100 μM (maximum intensity projection of Z-stacks). **(B)** Quantification of MAP2-positive neurites relative to cell nuclei in WT, SARM1^-/-^ cortical neurons infected with different strains of rabies virus from 24 hours up to 7 days. MAP2 intensity is quantified relative to the number of DAPI stained nuclei. At least 500 neurons were quantified per sample. \*\*\*\*p \< 0.0001, \*\*\*p \< 0.001 versus mock infection, n = 3. **(C)** Western blotting of MAP2 (dendritic) and neurofilament (axonal) proteins in cortical neurons from WT and SARM1^-/-^ mice infected with different rabies strains for 48 hours. β-actin is shown as the loading control. **(D)** Quantification of MAP2 and neurofilament (heavy and medium chain) intensity in western blots relative to β-actin (loading control). \*\*\*\*p \< 0.0001 versus mock infection and uninfected, n = 3. **(E)** Primary DRG neurons from WT and SARM1^-/-^ mice cultured in microfluidic devices and infected with Thai dog rabies in the axon panel for 24 hours. The neurons are stained with pan axonal neurofilament antibody (green), anti α-tubulin (red) and anti-rabies nucleoprotein antibody (magenta). Scale bar 100 μM (maximum intensity projection of Z-stacks). Representative images show intact axons in SARM1^-/-^ neurons but not in the WT DRG neurons infected with rabies. **(F)** Quantification of axonal degeneration as a ratio of disintegrated axons versus healthy (filamentous) (Axon degeneration index). \*\*\*\*p \< 0.0001 versus mock, n = 4 (5 representative images quantified from each repeat). **(G)** Quantification of neurofilament immunostaining intensity in the axon panel images from experiments shown in Fig 3E & [S5C Fig](#ppat.1008343.s005){ref-type="supplementary-material"}. \*\*\*\*p \< 0.0001 versus mock infection, n = 4.](ppat.1008343.g003){#ppat.1008343.g003}

Axonal degeneration impedes the transmission of rabies virus between neurons {#sec006}
----------------------------------------------------------------------------

Since we observed SARM1/NAD mediated axonal degeneration in neurons infected with lyssavirus, we hypothesized that this mechanism could be an intrinsic neuronal defense against neurotropic viral infections to block the spread of virus through synaptically-connected neurons. To examine this possibility for lyssavirus, a microfluidic system was used to generate an ex-vivo model of axonally-connected neuronal network. In this model, primary cortical neurons were cultured on neighboring panels, which were connected by the axons projecting through the adjoining microchannels. Neurons in the inoculated panel were infected with rabies virus and the spread of virus through the network of axons to the non-inoculated panel were examined. These neuronal cultures were stained with MAP2 antibody to visualize the dendrites and neuronal cell bodies in each panel. Wildtype cortical neurons infected with SHBRV lyssavirus at MOI of 1 for 24 hours showed extensive degeneration of neurites in the inoculated panel as observed by the loss of MAP2 staining ([Fig 4A](#ppat.1008343.g004){ref-type="fig"}). This correlated with restriction of viral infection to the inoculated panel with limited spread of virus to the neurons in the non-inoculated panel ([Fig 4A](#ppat.1008343.g004){ref-type="fig"}). However, when the same experiment was repeated with SARM1 knockout neurons, the SHBRV lyssavirus was able to efficiently spread from inoculated to non-inoculated panel. This was associated with intact MAP2-positive dendrites in the inoculated panel, unlike the wildtype neurons ([Fig 4B](#ppat.1008343.g004){ref-type="fig"}). To quantify the amount of infectious virions in the panels, the culture media from both the inoculated and non-inoculated panels were collected for titration assays ([Fig 4C](#ppat.1008343.g004){ref-type="fig"}) and the viral titre ratio between the panels were compared ([Fig 4D](#ppat.1008343.g004){ref-type="fig"}). No significant difference in viral titre was observed in the culture media collected from inoculated panels of wildtype and SARM1 knockout neurons ([Fig 4C](#ppat.1008343.g004){ref-type="fig"}). But the viral titre was significantly reduced in the non-inoculated panel of wildtype neurons compared to SARM1 knockout neurons ([Fig 4C](#ppat.1008343.g004){ref-type="fig"}). Further analysis also showed a significantly higher titre ratio between non-inoculated and inoculated panels for SARM1 knockout neurons, compared with wildtype neurons ([Fig 4D](#ppat.1008343.g004){ref-type="fig"}). These data demonstrate that SARM1 mediated axonal degeneration induced in response to rabies infection impedes the axonal transmission of rabies virus between interconnected neurons.

![Axonal self-destruction impedes the spread of rabies virus among synaptically connected neurons.\
**(A)** Transynaptic transmission of rabies virus in WT neurons. Stitched tile confocal image (1.76 mm x 606.77 μM with maximum intensity projection of Z-stacks, 40 slices: 39.39 μM) showing the microfluidic chamber cultured with WT cortical neurons on both the panels (left side: non-inoculated panel and right side: inoculated panel). Neurons were infected with SHBRV Lyssavirus for 24 hours and a unidirectional flow of media from the non-inoculated panel into the inoculated panel, avoiding random diffusion of virus. After infection, neurons are stained with anti-MAP2 antibody (green) and anti-rabies nucleoprotein antibody (red). Neurons on the inoculated panel show significant loss of MAP2 immunostaining indicative of axonal self-destruction, whereas neurons in the non-inoculated panel show restricted rabies infection and normal filamentous MAP2 immunostaining. Scale bar 200 μM. **(B)** Transynaptic transmission of rabies virus in SARM1^-/-^ neurons. Stitched tile confocal image (1.76 mm x 606.77 μM with maximum intensity projection of Z-stacks, 40 slices: 34.18 μM) showing the microfluidic chamber cultured with SARM1^-/-^ cortical neurons on both the panels. Unlike the WT neurons, SARM1^-/-^ neurons in the infected panel show normal filamentous MAP2 immunostaining, indicating lack of axonal self-destruction and efficient spread of rabies virus to the non-inoculated panel. Scale bar 200 μM. **(C)** Quantification of infectious rabies virus by titration assays in the culture media collected from the inoculated and non-inoculated panels of WT and SARM1^-/-^ neurons. **(D)** Ratio of viral titre in the culture media from non-inoculated and inoculated panels of WT and SARM1^-/-^ neurons. Data shows increased virus spread to the non-inoculated panel in the chambers cultured with SARM1^-/-^ neurons, as compared to WT neurons. \*p \< 0.05; SARM1^-/-^ versus WT neurons infected with SHBRV rabies, n = 3.](ppat.1008343.g004){#ppat.1008343.g004}

Discussion {#sec007}
==========

This study identifies a novel role of SARM1/NAD mediated axonal and dendritic degeneration in rabies infection. Our results show that rabies infection triggers axonal degeneration mediated by NAD loss and calpain activation in both DRG and cortical neurons. This study further illustrates that SARM1 is required for the accelerated execution of rabies induced axonal degeneration. This intrinsic defense response impedes the axonal transmission of rabies virus but results in morphological damage to the neuronal network in ex-vivo models.

While SARM1 has been identified as a chief executor of axonal self-destruction, the mechanisms acting upstream of SARM1 activation remains unclear, although a few key regulators have recently been implicated. These include mitogen-activated protein kinase (MAPK) signaling \[[@ppat.1008343.ref037]\] and Death Receptor 6 (DR6) \[[@ppat.1008343.ref038]\] in mammals and Axundead in Drosophila \[[@ppat.1008343.ref039]\]. In this study, deleting SARM1 gene significantly delayed axonal self-destruction in rabies infected ex-vivo neurons. However the degeneration of axons continued in the absence of SARM1, albeit at a much slower rate extending over several days. This implies that SARM1 acts as a rapid facilitator of axonal degeneration in viral infection by causing accelerated digestion of NAD molecules, similar to its role in axonal injury. However, it is still to be determined whether upstream molecules triggering the activation of SARM1 in viral infection are the same as those activating axonal self-destruction in injury (axotomy) or trophic withdrawal. Our identification of rabies induced axonal degeneration provides an alternate model to discover the activating mechanisms upstream of SARM1.

This study describes a new anti-viral defense mechanism mediated by SARM1 in response to rabies infection. This adds on to previously established roles of SARM1 in innate immune response such as negative regulation of toll-like receptor (TLR3) signaling \[[@ppat.1008343.ref040]\] and induction of neuronal apoptosis in response to viral infection \[[@ppat.1008343.ref041]\]. SARM1 is also shown to regulate intrinsic neuronal chemokine and cytokine response in traumatic axonal injuries \[[@ppat.1008343.ref042]\]. The functional relationship between these multifaceted roles of SARM1 in innate immunity remains to be investigated.

The key pathological mechanisms associated with neurological dysfunction in rabies infection are yet to be fully defined. The paralytic form of rabies infection is linked to axonal neuropathy, muscle denervation, impaired nerve conduction and spinal paralysis \[[@ppat.1008343.ref023], [@ppat.1008343.ref043], [@ppat.1008343.ref044]\]. In addition, features of axonal self-destruction such as focal axonal swellings, vacuolation, segmental demyelination and loss of nerve fibers are observed in the peripheral nerves of human patients with the paralytic form of rabies \[[@ppat.1008343.ref021], [@ppat.1008343.ref023], [@ppat.1008343.ref025]\]. This peripheral nerve damage also correlates with reduced spread of virus to the brain in the paralytic form, in contrast to the furious form of rabies \[[@ppat.1008343.ref024], [@ppat.1008343.ref045], [@ppat.1008343.ref046]\]. Thus, the pathological features of paralytic rabies are strongly in agreement with our findings in ex-vivo neuron cultures, including axonal self-destruction and impediment of viral spread. Our study suggest that SARM1/NAD mediated axonal self-destruction activated by neurons in response to rabies infection, could result in peripheral nerve damage and neurological dysfunction in the paralytic form of rabies.

Interestingly, the degenerative axonal pathology in the peripheral nervous system is observed mainly in the paralytic form of rabies but not in the furious form \[[@ppat.1008343.ref023]\]. Furious rabies is likely to be associated with dysfunction in the brain \[[@ppat.1008343.ref047]\], as it affects higher neurological functions such as behavior and cognition \[[@ppat.1008343.ref048]\]. Furthermore, there is usually minimal spinal paralysis in the furious form, at least in the initial stages of disease. This suggests a lack of or delayed axonal self-destruction in the furious form, allowing unhindered passage of virus to the brain. As observed in the cortical neurons in our study, axonal and dendritic degeneration could be induced by rabies infection in the brain at later stages of infection in the furious form. Indeed, by depleting SARM1 expression we show that axonal degeneration is delayed and degeneration occurs much later, allowing sufficient time for the virus to spread through the axons. However, it is unclear how in the furious form, which constitutes the majority of rabies infections, the virus is able to overcome SARM1 mediated axonal self-destruction in peripheral nerves and is able to spread through the nervous system. Many factors including differences in host-adaption of viral strains and the pre-existing immune status of the human host may contribute to the lack of peripheral axonal degeneration in the furious form of rabies. Improved animal models representing the two clinical forms of human rabies infection are therefore required in future studies, to conclusively validate the role of axonal self-destruction in determining rabies clinical outcome.

In summary, our study identifies that axonal self-destruction may be activated by neurons in response to viral infection. To our knowledge, this presents the first identification of the role of SARM1 pathway in evoking axonal degeneration in rabies infection. This describes a novel signaling mechanism responsible for dysfunction of neurons in rabies infection. These results therefore warrant further examination of axonal self-destruction in viral infections other than rabies, which involve axonal trafficking of virions. This study significantly improves our understanding of intrinsic neuronal response to viral infection and opens the door to identification of new avenues for the treatment of neurotropic viral infections.

Materials and methods {#sec008}
=====================

Ethics statement {#sec009}
----------------

All experiments involving mouse embryos in this study were reviewed and approved by the Animal Ethics Committee (AEC) of the Australian Animal Health Laboratory (AAHL) (approval \#1880, 1900 and 1901), following the Australian National Health and Medical Research Council Code of Practice for the Care and Use of Animals for Scientific Purposes.

Mice {#sec010}
----

Wildtype C57BL/6J mice were purchased from Animal Resource Centre (Western Australia) and housed at the Small Animal Facility (SAF) of AAHL. SARM1 knockout mice on the C57BL/6 background developed previously \[[@ppat.1008343.ref036]\], were purchased from Jackson Laboratories (USA) (stock number 018069, RRID:IMSR_JAX:018069). SARM1 knockout mice were housed and time-mated at SAF-AAHL in the same conditions as wildtype mice. Genotyping of SARM1^-/-^ mice was performed following the standard PCR protocol provided by the Jackson Laboratories, using the following primer sequences (5' to 3'); 23149: GGG AGAGCCTTCCTCATACC, 23150: TAAGGATGAACAGGGCCAAG, oIMR6916: CTTGGG TGGAGAGGCTATTC and oIMR6917: AGGTGAGATGACAGGAGATC.

Viruses {#sec011}
-------

Original lyssavirus strains isolated from infected dog or bat were amplified in suckling mouse brain (Swiss mice) by intracerebral inoculation. The brain homogenates containing the virus were then used to infect Neuro-2a cells for further amplification. The viral strains were subjected to fewer than 3 passages in Neuro-2a cells during amplification. For infection with parental viral stocks, brain homogenates prepared from infected dog brain (P0) or after first passaging in sucking mouse brain (P1) were used. The brain homogenates were clarified and concentrated using Amicon 10kDa Ultra centrifugal filters (Merck). The viral titre of cell culture supernatants and clarified brain homogenates were determined by titration assays on BHK-21 cells. All experiments involving viruses were performed in the biosafety level 3 (BSL3) laboratories at AAHL, following protocols approved by AAHL's institutional biosafety committee.

Method details {#sec012}
--------------

### Primary neuron cultures {#sec013}

Primary cortical neuron cultures were generated from embryonic day 15 (E15) embryos from both wildtype and SARM1^-/-^ mice, based on previously published protocols \[[@ppat.1008343.ref049]\]. Briefly, cortices from E15 embryos were separated under aseptic conditions, chopped into small pieces and digested with 0.125 mg/mL trypsin (Sigma-Aldrich) for 15--20 mins at 37°C. The tissues were then treated with soybean trypsin inhibitor (STBI; Sigma-Aldrich) and DNase I (8000 units; ThermoFisher) and homogenised gently to form uniform cell suspensions. Cortical neurons were seeded at 120,000 cells per well on poly-L-ornithine (Sigma-Aldrich) coated glass coverslips (13mm; Menzel Glaser) in 24 well plates. Primary DRG neurons were generated from E13 or E14 embryos. The DRGs were isolated from the embryos and subjected to trypsin digestion and homogenisation as above. Both cortical and DRG neurons were cultured in neurobasal media with B27 supplement, glutamax (ThermoFisher) and gentamicin (Sigma-Aldrich).

### Neuronal culture in microfluidic chamber {#sec014}

Compartmentalized axon chambers: For separating the neuronal cell bodies and axons, cortical and DRG neurons were cultured in xona microfluidic devices \[[@ppat.1008343.ref028]\] (XONA Microfluidics, Cat\#SND450) mounted on glass coverslips (24 x 40 mm; Menzel Glaser) coated with poly-L-ornithine (Sigma-Aldrich). Approximately 10 μL of cell suspension containing 120,000 cells were added to the cell body panel. The chambers were then incubated at 37°C for 10 min to allow attachment of neurons. Then 200 μL of neuronal culture media was added to the top and bottom wells of cell body panel and 150 μL of media was added to the wells in the axon panel. Approximately half the volume of media in each well was replaced with fresh media every two days and the higher volume of media on the cell body panel was maintained.

Transynaptic microfluidic model: To model synaptically connected ex-vivo neuronal cultures, cortical neurons were extracted as above and seeded on to both the panels of microfluidic device (SND450, XONA microfluidics), each with 10 μL of cell suspension containing 120,000 cells.

### Viral quantification {#sec015}

Viral titres of inocula were determined by direct fluorescent antibody test in BHK cells. Serial 10-fold dilutions of viral suspensions were prepared in cell culture media and were added to 96 well plates (4 replicates each), followed by BHK cell suspensions. The cells were then incubated at 37°C with 5% CO~2~ for 5--6 days. The plates were fixed with 10% formalin for 30 minutes at room temperature and then stained with FITC conjugated anti-rabies monoclonal antibody (Fujirebio) at 1:10 dilution in 0.5% BSA/PBSA with 0.005% Evans blue. Plates were read with an Olympus BX51 inverted microscope and the median tissue culture infectious dose (TCID~50~) determined \[[@ppat.1008343.ref050]\].

### Viral infection of primary neuron cultures {#sec016}

Primary DRG and cortical neuron cultures were infected after 7--10 days of culture. For infection of neurons cultured in 24 well plates and microfluidic chambers, viral inoculum containing the titre required to infect the neurons at MOI of 1 (based on the number of neurons originally seeded in each well or panel in microfluidic chamber, i.e. 120,000 cells) were added. For the microfluidic chambers media from the axon panel was removed and viral inoculum was added to the top well of the axon panel and allowed to flow through to the bottom well. Then the appropriate volume of media was added, so the total volume in each well in the axon panel was 150μL. Then 200 μL of media was added to the cell body panel, so a unidirectional flow of media from the cell body to axon panel was maintained. Similarly, to infect trans-synaptically connected neurons in microfluidic chambers, media from the panel to be inoculated was removed and the viral inoculum added. A unidirectional flow of media from the non-inoculated to inoculated panel was always maintained with higher volume of media in the non-inoculated panel. For mock infection, cell culture supernatant collected from uninfected Neuro-2a cells was added to the wells or chambers.

### Drug treatments {#sec017}

Drug treatments were performed on infected primary cortical neurons cultured on coverslips in 24 well plates. Media from the wells was removed and replaced with fresh media with the appropriate volume of viral inoculum to infect the neurons at MOI of 1. After adding the viral inoculum containing media, appropriate dilutions of NAD (Sigma-Aldrich), EGTA (Sigma-aldrich) or calpain inhibitor III (ABCAM) were added to each well. The stock solution of these compounds was prepared as follows: NAD-- 50mM and 200mM, dissolved in sterile water; EGTA-- 200mM dissolved in 0.2M NaOH; Calpain inhibitor III - 20mM dissolved in DMSO. The neurons were fixed at 24 hours post-infection and analysed by immunostaining and confocal imaging.

### Immunocytochemistry {#sec018}

Primary cortical neurons cultured on coverslips were fixed with 4% paraformaldehyde (PFA, Sigma-Aldrich) in 0.05 M phosphate buffered saline (PBSA) for 1hour at room temperature. The coverslips were washed gently three times with PBSA and the cells were permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) in PBSA for 5 min and then rinsed with PBSA. They were then blocked with 0.5% BSA in PBSA for 30 min and incubated overnight at 4°C with primary antibodies diluted in 0.5% BSA in PBSA. They were washed three times with PBSA and incubated with species-specific fluorescent secondary antibodies (Alexa Fluor, ThermoFisher) diluted at 1:200 in 0.5% BSA in PBSA for 1 hour at room temperature. Coverslips were then rinsed twice with PBSA, twice with sterile water and then stained with DAPI for 10 min, then were washed twice with sterile water and mounted on glass slides (ThermoFisher) with Vectashield mounting medium (Vector Laboratories).

The following primary antibodies were used at the indicated dilutions: chicken anti-MAP2 (1:1000, ABCAM, cat\#ab4674), rabbit anti-rabies nucleoprotein, 1:3000, in-house \[[@ppat.1008343.ref051]\], mouse pan-axonal neurofilament antibody (SMI-312, 1:1000, BioLegend, cat\#837904), Mouse anti- α tubulin (1:1000, Sigma-Aldrich, cat\#T6199) and chicken anti- α tubulin (1:1000, ABCAM, cat\#ab89984).

### Immunostaining of neurons in microfluidic chambers {#sec019}

Primary cortical and DRG neurons cultured in microfluidic chambers were fixed with 4% PFA after infection. 200μL of PFA was added to all four wells in the chamber and allowed to fix for at least an hour. After fixation, immunostaining with primary and secondary antibodies were performed in the microfluidic chamber as above, without disturbing the attachment to glass coverslips. For washing, PBSA was added to the top wells first, was allowed to flow through to the bottom wells, was incubated for 10 mins and then repeated three times. Primary and secondary antibodies were appropriately diluted (as above) in 0.5% BSA in PBSA and 200μL was added to each well of the chamber during incubation. After final washes, PBSA was added to all the wells in the chamber and stored at 4°C before confocal imaging.

### Confocal and live-cell imaging {#sec020}

Confocal imaging was performed using a ZEISS LSM 800 inverted confocal microscope. To analyse neurite degeneration in MAP2-stained cortical neurons, images were acquired with the 20x objective using tiling function, covering an area of 998.28 x 673.84μM with Z-stacks (20 slices: 19--24μM), including at least 500 neurons in each image. The images were then stitched and a maximum intensity projection of z-stacks were generated. All the confocal imaging and processing were performed using ZEN 2.5 Blue software (ZEISS).

For imaging the axon panels of DRG neurons, immunostained microfluidic chambers were placed carefully on the inverted microscope stage. Images of the axon panels were then taken with a 20x objective using tiling function, covering an area of 607.08 x 603.34μM with Z-stacks (40 slices: 14--18μM). Similarly, for imaging trans-synaptic neuronal cultures in microfluidic chamber, tile images were taken covering an area of 1.76 mm x 606.77μM with Z-stacks (40 slices: 34--40μM).

Live-cell DIC imaging of rabies infected cortical and DRG neurons were performed using Leica SP5 confocal microscope in BSL3. Neurons were cultured in glass bottom dishes (μ-Dish 35 mm high glass bottom, Ibidi), infected with SHBRV lyssavirus at MOI-1 and imaged for 24 hours after infection.

### Image analysis of axonal and dendrite degeneration {#sec021}

Quantification of MAP2-positive dendrites relative to DAPI stained nuclei was performed using stitched tile confocal images, using ImageJ \[[@ppat.1008343.ref052]\]. Images were binarized, threshold normalized to mock-infected neuron images and the integrated density of MAP2 immunofluorescence was measured. This value was then divided by the total number of DAPI stained nuclei in the same image, counted using particle analyzer plugin with the following parameters: size (inch^2^)-- 0.005-infinity and circularity-- 0.00--1.00. "Watershed" function was applied to the DAPI stained images before analysis to avoid counting merged particles.

The axon degeneration index from tubulin stained confocal images of axons in microfluidic chambers was calculated based on a method described previously \[[@ppat.1008343.ref053]\]. The tubulin stained axon images were binarized and the total axon area was measured. Then the fragmented axons were quantified using particle analyzer plugin with the following parameters: size (inch^2^)-- 20--15000 and circularity-- 0.00--1.00. Axon degeneration index was then calculated as the ratio of fragmented axon area over total axon area. To quantify axonal degeneration by neurofilament loss in DRG neurons, the integrated density of neurofilament immunofluorescence in DRG axons were quantified from binarized images after normalizing threshold to mock-infected neuron images.

### Apoptosis assay {#sec022}

To quantify apoptotic cells in rabies infection, TUNEL staining was performed on the PFA fixed neurons on coverslips, according to manufacturer's protocol using the in-situ cell death detection kit, TMR red (Sigma-Aldrich, cat\#12 156 792 910). As a positive control for apoptosis, fixed and permeabilised neurons were treated with 3 units of DNase I in 50 mM Tris-HCL for 15 mins to induce DNA strand breaks. Confocal images of neurons stained with TUNEL TMR red and DAPI were taken as tile images covering an area of 998.28 x 673.84 μM with Z-stacks (20 slices: 19--24 μM), including at least 500 neurons in each image. The percentage of TUNEL-positive apoptotic bodies in these images (threshold normalized to controls), relative to DAPI stained nuclei were counted using imageJ particle analyzer plugin and watershed function, with the following parameters: size (inch^2^)-- 0.003-infinity and circularity-- 0.00--1.00.

### Western blotting {#sec023}

For western blotting, cortical neurons were lysed with RIPA buffer (Sigma-Aldrich) with 0.1% SDS and protease inhibitor cocktail (Sigma-Aldrich). The protein lysates were heated at 56°C for 30 mins to inactivate rabies virus \[[@ppat.1008343.ref054]\]. The protein concentration in the lysates were determined using DC protein assay kit (Bio-Rad). 30μg of lysates were mixed with NuPAGE LDS sample buffer (ThermoFisher), heated at 90°C for 5 mins and then loaded on to Bolt 4--12% Bis-Tris Plus Gels (ThermoFisher). The gels were run at 150 volts for 1hour in Bolt MOPS SDS running buffer (ThermoFisher). Proteins were then transferred onto PVDF membrane blots (Bio-Rad) using wet tank blotting system (Bio-Rad), blocked with 3% BSA in PBSA with 0.2% Tween 20 (Merck Millipore) and probed overnight at 4°C with the following concentrations of primary antibodies diluted in 1% BSA/PBSA: chicken anti-MAP2 (1:1000, ABCAM, cat\#ab92434), mouse pan-axonal neurofilament antibody (1:1000, BioLegend, cat\#837904) and mouse anti- β actin (1:2000, Sigma-Aldrich, cat\#A2228). The blots were then washed with 0.5% Tween 20 in PBSA and incubated with appropriate species-specific fluorescent secondary antibodies (Alexa Fluor, ThermoFisher) for 1hour at room temperature. The blots were imaged using iBright FL1000 imaging system (ThermoFisher).

### Statistical analysis {#sec024}

Statistical significance between two values was determined using a two-tailed t test, analyses of three or more values were performed by one-way ANOVA with Bonferroni's post hoc test using Prism 7 (GraphPad).

Data are presented as mean ± SEM. \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001, \*\*\*\*p\<0.0001.

Supporting information {#sec025}
======================

###### Effect of rabies infection on primary cortical neurons.

**(A)** Rabies induced blebbing of MAP2-positive neurites in cortical neurons at 16 hours post infection (high magnification). Representative confocal images of mouse primary cortical neurons infected with rabies strains (H.ABLV, SHBRV and Z.Dog), showing focal swellings in the MAP2-positive neurites (white arrows) at 16 hours post infection. Neurons are stained with anti-MAP2 antibody (green) and anti-rabies nucleoprotein antibody (Red). Scale bar 10 μM**. (B)** Rabies induced loss of MAP2-positive neurites in cortical neurons at 24 hours post infection (low magnification). Representative stitched tile images of mouse cortical neurons infected with rabies strains (H.ABLV, SHBRV and Z.Dog) showing loss of MAP2 staining at 24 hours post infection, but not in mock infected neurons. Scale bar 100 μM. Neurons are stained with anti-MAP2 antibody (green), anti-rabies nucleoprotein antibody (red) and DAPI (blue). Merged images of all three channels are shown.

(TIF)

###### 

Click here for additional data file.

###### Degeneration of axons and dendrites in rabies infected neurons.

**(A)** Representative confocal images of mouse primary cortical neurons infected with parental stocks of rabies strains (Z.Dog P1 and T.Dog P0). High magnification images of mock infected neurons show co-staining of shorter dendrites with MAP2 antibody (green) and longer axons with neurofilament antibody (red) in the same neurons. Infection with Z.Dog P1 and T.Dog P0 strains for 24 hours, show significant loss of filamentous dendritic and axonal staining in neurons. Rabies infection is identified by staining with anti-rabies nucleoprotein antibody (magenta) and nuclei are stained in blue. Scale bar 20 μM. **(B)** Examination of induction of apoptosis in primary cortical neurons infected with rabies for 24 hours. Representative stitched tile images of mouse cortical neurons infected with rabies strains and stained with TUNEL to detect apoptosis. As a positive control, neurons were treated with DNase I to induce apoptotic DNA fragmentation. Images show neurons stained with DAPI (blue-nuclei) and TUNEL (red-apoptotic neurons). Scale bar 100 μM. **(C)** Quantification of apoptotic neurons in rabies infected and mock infected cultures. Percentage of apoptotic neurons was calculated from experiments shown in S2B Fig using ImageJ. TUNEL positive neurons were identified as apoptotic and the percentage of apoptosis was calculated from the total number of DAPI stained nuclei. At least 500 neurons are quantified per sample. Data was found to be not significant versus mock infected neurons, n = 4. Images shown are maximum intensity projections of Z-stacks.

(TIF)

###### 

Click here for additional data file.

###### Axonal infection of primary cortical neurons cultured in microfluidic chambers with rabies virus.

**(A)** Immunostaining of mock infected primary cortical neurons cultured in microfluidic chamber. Stitched tile confocal image showing the microfluidic chamber seeded with cortical neurons on the cell body panel. As the neurons grow, axons extend through the micro-channels into the axon panel. The neurons were mock infected on the axon panel for 24 hours and a higher volume of culture media was maintained on the cell body panel to maintain the flow of media from cell body to axon panel and avoid random diffusion of inoculum from the axon panel. Neurons are stained with anti-neurofilament antibody (NF, green), anti α-tubulin (red) and anti-rabies nucleoprotein antibody (magenta). Scale bar 100 μM. **(B)** Higher magnification images of the axon panel from the mock infected neurons shown in S3A Fig. Images show intact neurofilament staining and filamentous tubulin stained axons. Scale bar 50 μM. **(C)** Immunostaining of primary cortical neurons cultured in microfluidic chamber and infected with Z.Dog rabies virus for 24 hours in the axon panel. Stitched tile confocal image show loss of neurofilament staining in the axons of neurons infected with rabies for 24 hours, while neurofilament staining can still be observed in the cell bodies and the proximal axons in the cell body panel. Similarly, tubulin staining in the axon panel show granular disintegration of distal axons. Rabies infection is identified by positive staining with anti-rabies nucleoprotein antibody. Scale bar 100 μM. **(D)** Higher magnification images of axon panel from the Z.Dog rabies infected neurons shown in S3C Fig. Images show axonal degeneration as observed by the loss of neurofilament staining and granular disintegration of tubulin stained axons. Scale bar 50 μM. Images shown are maximum intensity projections of Z-stacks.

(TIF)

###### 

Click here for additional data file.

###### 

**(A) Rabies induced axonal degeneration in primary DRG neurons cultured in microfluidic chambers.** Mouse DRG neurons were cultured in microfluidic devices to separate the cell body and axons. The axon panels were then infected with different street strain rabies virus (H.ABLV, SHBRV and Z.Dog) for 24 hours. Figure shows stitched tile images of axon panel infected with rabies virus. The axons were stained with pan axonal neurofilament antibody (green), anti-rabies nucleoprotein antibody (magenta) and anti α-tubulin (red). Scale bar 100 μM. Axonal degeneration is observed by the loss of neurofilament staining and granular disintegration of tubulin stained axons. Images shown are maximum intensity projections of Z-stacks. **(B) Pharmacological inhibition of neurite degeneration in rabies infection.** Effect of extracellular NAD addition and calpain inhibition on rabies induced loss of MAP2-positive neurites. Stitched tile images of mouse cortical neurons infected with H.ABLV, SHBRV and Z.Dog rabies for 24 hours and treated with NAD, EGTA or Calpain inhibitor III. Scale bar 100 μM. Neurons are stained with anti-MAP2 antibody (green), DAPI (blue) and anti-rabies nucleoprotein antibody (red). All three channels are merged together, which show reduced loss of MAP2-positive neurites in infected neurons treated with NAD, EGTA or calpain inhibitor III compared to no drug treatment. Images shown are maximum intensity projections of Z-stacks.

(TIF)

###### 

Click here for additional data file.

###### Deletion of SARM1 gene significantly delays axonal degeneration in primary cortical and DRG neurons infected with rabies.

**(A)** Time course analysis of neurite degeneration in SARM1 knockout neurons infected with rabies. Representative images of mouse cortical neurons from SARM1 knockout (SARM1^-/-^) mice infected with rabies virus (H.ABLV, SHBRV and Z.DOG) for 24 hours to 7 days. Images show intact MAP2-positive neurites in rabies infected SARM1^-/-^ neurons at 24 hours, but a gradual loss of MAP2-positive neurites extending up to 7 days. Neurons are stained with anti-MAP2 antibody (green), anti-rabies nucleoprotein antibody (red) and DAPI (blue). Scale bar 100 μM. **(B)** Immunostaining of SARM1^-/-^ cortical neurons cultured in microfluidic chamber and infected on the axonal panel with Z.Dog rabies virus for 24 hours. Stitched tile confocal image shows SARM1^-/-^ neurons infected on the axon panel for 24 hours. Neurons are stained with anti-neurofilament antibody (NF, green), anti α-tubulin (red) and anti-rabies nucleoprotein antibody (magenta). Scale bar 100 μM. Image shows lack of axonal degeneration in SARM1^-/-^ neurons infected specifically at the axons with rabies virus. **(C)** Inhibition of rabies induced axonal degeneration in SARM1^-/-^ DRG neurons cultured in microfluidic chambers. Primary DRG neurons from WT and SARM1^-/-^ mice cultured in microfluidic devices to separate the cell body and axons. The axon panels were then infected with different street strains of rabies virus (H.ABLV, SHBRV and Z.DOG) for 24 hours. Figure shows stitched tile images of axon panel of SARM1^-/-^ neurons infected with rabies. The axons were stained with anti-neurofilament antibody (green), anti α-tubulin (red) and anti-rabies nucleoprotein antibody (magenta). Scale bar 100 μM. Images shown are maximum intensity projections of Z-stacks.

(TIF)

###### 

Click here for additional data file.

###### Live DIC imaging of primary cortical neurons infected with SHBRV Lyssavirus.

Infected neurons were imaged from 2 hours up to 24 hours post-infection. Video shows axonal swellings, granular disintegration and loss of axons. Axons were imaged every 10 minutes. Scale bar 50 μM.

(AVI)

###### 

Click here for additional data file.

###### Live DIC imaging of primary DRG neurons infected with SHBRV Lyssavirus.

Infected neurons were imaged from 2 hours up to 22 hours post-infection. Video shows granular disintegration and loss of axons. Axons were imaged every 15 minutes. Scale bar 25 μM.

(AVI)

###### 

Click here for additional data file.
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13 Nov 2019

Dear Dr Sundaramoorthy,

Thank you very much for submitting your manuscript \"Novel role of SARM1 mediated axonal degeneration in the pathogenesis of rabies.\" (PPATHOGENS-D-19-01797) for review by PLOS Pathogens. Your manuscript was fully evaluated at the editorial level and by independent peer reviewers. The reviewers appreciated the attention to an important problem, but raised some substantial concerns about the manuscript as it currently stands. These issues must be addressed before we would be willing to consider a revised version of your study. We cannot, of course, promise publication at that time.

All three reviewers thought this was an excellent study appropriate for a broad audience, and, if some of the major concerns could be addressed, would meet the standard of advance we require at PLoS Pathog. However, the first two reviewers raised concerns, which need to be addressed experimentally. Reviewer \#1 raised an important point that unequivocal discrimination between axons and dendrites is critical for the authors\' underlying mechanistic interpretation; as is stands, the MAP2 staining alone is insufficient to make this discrimination for the reasons stated by the reviewer. Reviewer \#2 had some concerns with the utilized RABV strain - you should consider confirming some of your results with another RABV strain to ensure it\'s not specific to the one used RABV strain. Many of Reviewer \#2\'s other concerns could also be addressed by further explication or toning down the conclusions.   

We therefore ask you to modify the manuscript according to the review recommendations before we can consider your manuscript for acceptance. Your revisions should address the specific points made by each reviewer.

In addition, when you are ready to resubmit, please be prepared to provide the following:

\(1\) A letter containing a detailed list of your responses to the review comments and a description of the changes you have made in the manuscript. Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

\(2\) Two versions of the manuscript: one with either highlights or tracked changes denoting where the text has been changed; the other a clean version (uploaded as the manuscript file).

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>.

Additionally, to enhance the reproducibility of your results, PLOS recommends that you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see <http://journals.plos.org/plospathogens/s/submission-guidelines#loc-materials-and-methods>

We hope to receive your revised manuscript within 60 days. If you anticipate any delay in its return, we ask that you let us know the expected resubmission date by replying to this email. Revised manuscripts received beyond 60 days may require evaluation and peer review similar to that applied to newly submitted manuscripts.
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We are sorry that we cannot be more positive about your manuscript at this stage, but if you have any concerns or questions, please do not hesitate to contact us.

Sincerely,

Matthias Johannes Schnell, PhD
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\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*

Reviewer\'s Responses to Questions

**Part I - Summary**

Please use this section to discuss strengths/weaknesses of study, novelty/significance, general execution and scholarship.

Reviewer \#1: In this paper, Sundaramoorthy et al., show that cultures of primary cortical and peripheral neurons infected with different lyssavirus strains (rabies virus, RABV) lose structural proteins and demonstrate neurite degeneration. This is a striking phenotype resulting in near complete loss of neurite structures by 24 hours after infection, supported by MAP2, NF and tubulin antibody staining. They also show that SARM1 knockout mouse neurons, when infected with RABV, show delayed neurite degeneration with subsequent enhanced transneuronal RABV spread in cortical neurons cultured in connected microfluidic chambers. This is an important finding hinting at an intrinsic neuronal defense mechanism against viral spread possibly leading to RABV related neuropathologies. Although, the paper was written clearly and results were supported by clean images and quantitation, some critical data was missing.

One of the critical points missing is the discrimination between axons and dendrites. The authors claim in many experiments that the neurites referred to are axons (particularly in the last figure), however, only MAP2 staining is shown. MAP is abundant in somatodendritic regions, but not axons. This point is important because RABV is known to spread retrogradely between connected neurons after entering axons of motor neurons from neuromuscular junctions. That fact means that the endocytosed particles are transported in the axons, the genomes are released and replicate in the neuronal soma, and progeny spread from dendrites to connected axons. If the infected cell axon degenerates, it will not reduce the somatodendritic spread in the infected neuron. If all neurites (both axons and dendrites) are degenerating due to a loss of MAP2, then SARM1 mediated axon degeneration is not the predominant mechanism blocking transneuronal viral spread. As an alternative hypothesis, recall that Sarm1 was originally identified as a negative regulator of TLR3 and TLR4 pathways in innate immunity (Carty et al., 2006, Nat. Immunol.). This negative regulation might be responsible for the virus yield phenotype in Sarm1 knock out neurons. This alternative hypothesis is important particularly for interpreting the last figure (F4). It appears that there is more viral antigen staining in the inoculated chamber of SARM1 knock out neurons. However, in figure 3, it appears that there is less viral antibody staining 24 hours after infection, but staining catches up after 4 days. Virus yields should be compared at high MOI between wild type and knock out conditions.

In general, the authors have a solid observation of the loss of cytoskeletal proteins after RABV infection, but the role of SARM1 might not be limited to the delayed spread (due to delayed axon degeneration). Instead, SARM1 effects might involve innate immunity as well. More detailed characterization of axons vs dendrites is required to make that distinction.

Reviewer \#2: The paper from Vinod Sundaramoorthy et al entitled « Novel role of SARM1 mediated axonal degeneration in the pathogenesis of rabies" presents data to describe a potential Rabies virus (RABV) mediated axonal self-destruction mechanism which could account for RABV pathology. The experimental approach is based on in vitro neuronal cultures, imaging techniques and Xona microfluidic devices.

Reviewer \#3: Using rabies virus field isolates, this report shows that, in response to infection, neurons activate selective degeneration of processes, mediated by the loss of NAD and digestion of cytostructural proteins. The authors then show that SARM1, known to be associated with axonal degeneration, is key to this process, likely restricting the ability of the virus to spread trans-synaptically. This is a beautifully done study: the images are compelling, the data are definitive, and the "story" is simple but powerful. Two minor comments:

1\. It is difficult to ascertain, even from the high res file, but it appears that the nuclei in infected mice in Figure 1B are smaller and more fragmented than in the mock control. This is also seen in other images presented, but not always consistently. Is this the case? If samples are collected later, do the nuclei remain apparent, or is this a "stepwise" process in which neurites are lost followed by neuronal loss? TUNEL may not capture other forms of cell death.

2\. This is, exclusively, an ex vivo study using primary neurons. While I do not believe it is compulsory to perform experiments in mice, I am curious if RV-infected, SARM KO mice differ from wild type mice in terms of pathogenesis. Addition of in vivo data (if it is even possible to obtain) would add merit to the significance of the work.

\*\*\*\*\*\*\*\*\*\*

**Part II -- Major Issues: Key Experiments Required for Acceptance**

Please use this section to detail the key new experiments or modifications of existing experiments that should be [absolutely]{.ul} required to validate study conclusions.

Generally, there should be no more than 3 such required experiments or major modifications for a \"Major Revision\" recommendation. If more than 3 experiments are necessary to validate the study conclusions, then you are encouraged to recommend \"Reject\".

Reviewer \#1: The identification of neuritis as axons is critical. The MAP2 staining is not convince proof that they are imaging axons.

The alternative hypothesis that the effect of SARM1 is to negatively regulate TLR3 and 4 pathways must be considered/discussed.

Virus yields should be compared at high MOI between wild type and SARM1 knock out infections.

Reviewer \#2: Although this work is extremely interesting and paves the way for further understanding how RABV can kill its host, I have several concerns.

The choice of the virus strains: The authors claimed they have chosen field strain lyssaviruses in order to limit or avoid any artefact regarding the original pathogenicity. This is a very good statement but, as described in the material and methods, the viruses have been amplified in suckling mouse brain and passaged in Neuro-2a cells (\<3 passages). The viruses are then mouse adapted. Therefore, the authors should provide NGS sequencing of the field isolates before, during and after selection and passages in order to show the consensus sequence and the viral population diversity.

On the other hands and on the contrary of the authors, I think a highly virulent laboratory fixed strain, which exhibits Rabies encephalitis in mice, would be extremely informative and should be included in this study.

The choice of the cellular models: All the experiments are undertaken either with primary cortical neurons (embryonic day 15) and primary DRG neurons (embryonic day 13 or 14). Therefore, the study is carried out on immature neurons. Since neuron survival can be neuron type-specific and/or development stage-specific (see for example AJ Kole et al-2013, Ulrich Pfisterer et al-2017), the authors have to establish that their conclusions are still relevant in mature neurons.

Although, I would suggest they show at least some data in iPS derived human neurons in order to extend their findings to other species.

Statement: The authors claimed that: "this presents the first identification of a direct mechanism for rabies induced dysfunction of neurons". It looks to me that is a bit overstated. The authors may want to cite other articles such as (not exclusive): Alan C. Jackson et al et al-2010, Jeison Monroy-Gomez et al-2018 and so on.

Reviewer \#3: (No Response)

\*\*\*\*\*\*\*\*\*\*

**Part III -- Minor Issues: Editorial and Data Presentation Modifications**

Please use this section for editorial suggestions as well as relatively minor modifications of existing data that would enhance clarity.

Reviewer \#1: (No Response)

Reviewer \#2: (No Response)

Reviewer \#3: (No Response)

\*\*\*\*\*\*\*\*\*\*

PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plospathogens/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

Reviewer \#3: No

10.1371/journal.ppat.1008343.r002
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22 Jan 2020

Dear Dr Sundaramoorthy,

We are pleased to inform you that your manuscript \'Novel role of SARM1 mediated axonal degeneration in the pathogenesis of rabies.\' has been provisionally accepted for publication in PLOS Pathogens.

Before your manuscript can be formally accepted you will need to complete some formatting changes, which you will receive in a follow up email. A member of our team will be in touch within two working days with a set of requests.
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